ABSTRACT. The main objective of a product quality study for drying agricultural products without causing distortion is to reduce the product moisture value to a final moisture value while expending the least energy and time. In the first stage of this study, nectarine slices were dried in a microwave and cabinet dryer under different drying conditions. Experiments in the microwave dryer were done at four different power levels: 90, 180, 360, and 600 W. Hot air drying was done at two temperatures, 50 and 70 °C, with a constant air velocity (2.0 m/s). In the second stage, after those experiments, the hybrid drying method were constructed based on the color parameter, and moisture ratio. In the hybrid drying method, hot air drying was carried out with microwave pretreatment. The most effective hybrid drying method in terms of optimal drying time, energy consumption, and color parameters was found to be at 180 W microwave power and 70 °C.
INTRODUCTION
Nectarine (Prunus persica var. nectar maxim) is a summer-borne fruit of the Rosaceae family. The nectarine is not a different species from the peach but rather a sub-variety of the peach with recessive genes, and because it lacks fuzz or short hairs it is sometimes referred to as a "shaved peach" or "fuzz-less peach" [1] . The Food and Agriculture Organization of the United a Nations (FAOSTAT) statistical data showed that the yield of peaches and nectarines world-wide is about 21 million tons. Turkey produced 575,730 tons in 2012 [2] .
The ripened nectarine is perishable and deteriorates rapidly after harvesting, hence the need to apply an appropriate postharvest technology to prolong the shelf life of the fruit; drying is among the most frequently used methods for that purpose [3] [4] [5] . Drying is a mass transfer process consisting of the removal of water or another solvent by evaporation from a solid, semisolid or liquid. Drying is one of the most commonly used processes to improve food stability, because it decreases the water activity of the material considerably, reduces microbiological activity, and minimizes physical and chemical changes during storage [3, 6] .
Fruits and vegetables have a high initial moisture content and suffer alterations of their original form during the drying process through significant shrinkage. Hot air drying has many disadvantages such as lower energy efficiency and long drying times, but despite that it has been used widely [7, 8] . Because of the low thermal conductivity of foods, heat transfer to the inner sections during conventional heating is limited. To reduce the processing time, hence to accelerate the drying process, some obstacles must be overcome. Fast and effective thermal processing has resulted in the increasing use of microwaves for food drying. This technique has been extensively employed both in the food and the chemical engineering industries [9] . The internal temperature reached by food dried by microwave drying is higher than the surface temperature, and a more dynamic moisture transfer is accomplished compared with that by convection drying [10] . Because of its quick drying ability, high energy efficiency, and fewer drying area concerns, microwave drying is an acceptable alternative method to convection drying [11] . Microwave drying of biological products, such as fruits and vegetables with high moisture content, is very advantageous [12, 13] . Several studies have been carried out to compare the advantages of microwave and convection drying of agricultural materials, for example, for okra [14] , mango ginger [15] , grape [16] , and garlic [17] .
Drying causes changes in food properties including discoloration, aroma loss, nutritive value, and changes in physical appearance and shape. A higher drying temperature reduces the drying time but may result in poor product quality, heat damage to the surface, and higher energy consumption. In contrast, drying conditions at a lower temperature may improve the product quality but decrease the drying rate thus lengthening the drying time [18] . Therefore, any small improvement in energy efficiency in the food drying process will lead to a sustainable development from the global energy perspective [19] .
Hybrid drying combines the advantages of microwave and hot air. The hybrid process can be operated at low temperatures with high energy efficiency and with better retention of the original color of food and heatsensitive nutrients. Although some investigations have focused on the drying characteristic of peaches, there is no information on the drying of nectarines a sub variety of the peach. The purpose of the present work is to investigate the effect of microwave, hot air, and hybrid (microwave pretreatment plus hot-air) drying methods on the drying time, color quality of nectarine slices, and the concomitant energy demand. Another objective of studying the hybrid drying method is to investigate its differences by comparison with other drying methods.
RESULT AND DISCUSSION

Drying Curves
The drying curves (time versus moisture content) of the nectarine slices dried at different microwave power levels are presented in Figure 1 .
Figure1. Drying curves of nectarine slices at different microwave power levels
The moisture content of nectarine slice samples was calculated by a simplified version of Eq. (1).
Drying curves were used to determine the effect of microwave power levels on the drying time: microwave power level is a very important factor in the drying procedure. Water molecules at increased microwave output power with a given frequency are subjected to a greater number of electromagnetic waves. Thus, more heat is produced in the nectarine slices, thus accelerating evaporation of water molecules. The moisture ratio decreased exponentially with time in nectarine slice samples, in agreement with the results reported under different conditions in which peach samples were dried [10, 20] . In the microwave, final moisture content was attained at about 56 min of 90 W output power, and this value was calculated as approximately 15, 8, and 5 min for 180, 360, and 600 W output power, respectively.
The characteristic drying curves showing the changes in moisture ratio of the nectarine slices with time at drying temperatures of 50 and 70 °C are given in Figure 2 .
Figure 2. Experimental moisture ratio of nectarine slices versus drying time
The moisture ratio of nectarine slice samples was calculated using a simplified version of Eq. (2). (2) It is clear that the drying air temperature had a significant effect on the drying time. As shown in Figure 2 , the higher air temperature of 70 °C results in a higher drying rate compared with that at 50 °C, as expected. Therefore, at higher temperatures mass transfer is more rapid and water loss is more excessive. Decreasing drying time with an increase in the drying air temperature has been reported for many agricultural products such as orange slices [21] and okra slices [22] . It is apparent that moisture ratio decreases continuously with drying time. From Figure 2 , it is observed that the drying time required for reducing the moisture content of nectarine slices was 660 and 330 min, at the air temperatures of 50 and 70 °C, respectively. The drying air temperature of 70 °C resulted in a shorter drying time than that in 50 °C by approximately 330 min for nectarine slice samples.
The selection of hybrid drying method
Hybrid drying is applied combining hot air drying with a microwave pretreatment. The samples were initially dried by microwave for 2-30 min until the water content dropped to 65%-70% of the initial value, and then hot-air dried to the final water content. An orthogonal design was used to produce the optimal parameters. The synthetic evaluation index values are given in Table  1 . The drying method that yielded the highest synthetic evaluation index value was the lowest level of combination drying, i.e. MW=180 W, T=70 °C; therefore, hybrid drying at this level produces an acceptable final product in terms of color, moisture content and moisture ratio, with relatively rapid dehydration properties and within a relatively short processing time.
Selected hybrid drying
Two different combination levels were applied in combination drying: using a microwave power level of 180 W and air temperatures of 50 and 70 °C. The moisture-time graphic obtained by fixing the temperatures at 50 and 70 °C and combining them with microwave power level of 180 W is shown in Figure 3 . The drying process is characterized by a progressive decreasing in the moisture content with time. In both hybrid drying methods, 70% of the total moisture content of the samples was removed by microwave drying. The remaining moisture was dried up to 0.085±0.01 (g water/g dry matter) as final moisture content via hot air at 50 and 70 °C. In the microwave and hot air combined drying process, the drying time was determined to be 10 min at 180 W power and 270 and 150 minutes for temperatures at 50 and 70 °C, respectively. As seen in Figure 3 , the drying period was shortened by increasing the drying temperature at a constant microwave power level. The decrease in the drying period can be attributed to increased internal vapor pressure at the high power level and high temperature. Combined drying processes at 70 °C were completed within the shortest time in each of the constant power levels, whereas those at 50 °C needed the longest time for completion. Accordingly, the shortest drying time in combination trials was obtained through the drying process consisting of the combination of 180 W microwave power and 70 °C temperature for 160 min, whereas the longest drying process resulted from the combination of 180 W and 50 °C in which the temperature was kept at a minimum for 280 min. As expected, a strong effect of microwave power level and temperature on moisture content was observed, as reported in the literature [16, 23, 24] .
Color Analysis
The samples surface color was measured with a Minolta Chroma Meter CR-400 (Konica Minolta Sensing Inc., Japan) at three different edge spots on the surface of each sample before and after the drying treatment. The mean values of the measured data are described as the color values in this study. The color values were expressed as "L" (whiteness/darkness), "a" redness/greenness), and "b" (yellowness/blueness).
The color difference (ΔE) was determined using the following Equation 3 [25] . L 0 , a 0 and b 0 are the parameter values before drying the fresh nectarine samples.
(3)
The fresh nectarine slices had values 62.19, 10.31, and 19.72 for "L", "a", and "b", respectively. Table 2 show the color data in terms of Hunter "L", "a" and "b" values of dried nectarine slices obtained by different drying methods under different conditions. Also, before and after the drying process, ΔE and (a/b) values of nectarine slices were calculated; these results are given in the Table 2 . The temperature and drying time are the main factors affecting the color change of material during drying process [26] . Table 2 shows that "L", "a" and "b" values increased as the drying air temperature increased from 50 °C to 70 °C. To the contrary, the lightness values (8.34, 9.27, 12.34, and 21.51 at 90, 180, 360, and 600 W, respectively) decreased as microwave power level increased, and slice colors darkened. In some cases, blackness occurred. The amounts of sugar, acids (pH), and amino acids, as well as time of processing, have been reported to affect the color of processed products by causing
formation of brown pigments [27] . After hybrid drying of the nectarine slices, an increase in the lightness (an "a" increase in the "L" value) was observed ( Table 2) : "a" and "b" increased in all the dried samples when compared with fresh nectarine slices. Visually, the redness and yellowness increased. The total color difference (∆E), as calculated by Equation (3), allows a simple way of identifying the possible changes occurring when comparing one set of coordinates with the reference set, which in the present case was the fresh state. Table 2 shows the values of color difference for the nectarine slices under various drying conditions. The lowest changes occurred at the lowest temperature and microwave power level. The color difference parameter had a value of 17.64 for the nectarine slices dried at the lower temperature (50 °C) and increased to 21.08 at the highest temperature (70 °C). The color difference value of the nectarine slices samples dried with the hybrid method at (180 W + 50 °C) and (180 W + 70 °C) was 13.41 and 18.20, respectively. The higher "L" and lower "a/b" values are preferred in dried food products [28] . From these results, drying at 70 °C was found to be the optimal temperature for nectarine slices. Also, hot air drying with microwave pretreatment had an important effect on the color of nectarine slices.
Energy Consumption
The energy consumption values obtained in the drying trials carried out using the three different drying methods are given in the Figure 4 . When three different drying methods were compared with the associated energy consumption values, the lowest energy consumption occurred in the microwave drying method, followed by the hybrid and the hot air drying methods. The energy consumption decreases with the increasing air temperature and power level. Among all the drying methods, the optimal energy consumption was obtained through microwave drying at 180 W power: energy consumption at this level was 0.042 kWh. Among all the drying methods the highest value of energy consumption was obtained in the hot-air drying process at 50 °C and 8.91 kWh. Energy consumption was 0.039-0.087, 2.03-4.25, and 4.72-8.91 kWh for microwave, hybrid, and hot air drying, respectively.
CONCLUSIONS
In this study, nectarine slices were dried by three different methods, and the following conclusions were reached. First, nectarine slices dried in a microwave dryer at 90, 180, 360, and 600 W microwave power levels could not obtain the desired color parameters. In microwave drying, the color quality decreases as the microwave power level increases. Second, for nectarine slices dried in a cabin dryer at 50 and 70 °C with hot air was effective for the desired color values. The color quality increases as the air temperature increases. Finally, to obtain the positive effects of these two drying methods, the color quality was used as a basis for a hybrid drying method. A combination of microwave and convective drying at microwave power of 180 W and air temperature of 70 °C resulted in a dehydrated product with optimal quality within the range of experimental conditions studied. The hybrid drying method yielded good results in terms of drying time, energy consumption, and color.
EXPERIMENTAL SECTION Materials
Fresh nectarines (Prunus persica var. nectarina maxim) were purchased from a local market in İstanbul, Turkey and kept at 4 °C prior to experiments. The initial moisture content of the fresh nectarines was determined using the Association of Official Analytical Chemists method [29] . The average initial moisture content of the nectarines was 84% (w.b.).
Drying Procedures
Before each drying process, the nectarine samples were washed and cut into 1±0.2 cm thick slices.
The microwave drying experiments were carried out in a Robert Bosch Hausgerate GmbH (Germany) model microwave oven, which has a maximum output of 800 W working at 2450 MHz. The adjustment of microwave output power and processing time was done with the digital control facility located on the microwave oven. Drying experiments was carried out using sliced nectarines with a weight of about of 30±2 g arranged as thin layer on the rotatable plate fitted inside the microwave oven cabin. The rotating plate provides for equal distribution of microwave radiation energy throughout the sample. Drying was performed at a single power level. In the microwave drying method, four power levels of 90, 180, 360, and 600 Watts were used. Moisture loss was measured during 60 s intervals with a digital balance (Precisa, model XB220A, Precisa Instruments AG, Dietikon, Switzerland) with an accuracy of 0.001 g. Microwave drying continued until the moisture was reduced to about 0.18 g water/g (on a dry basis) of the initial moisture content.
Drying experiments were performed in a cabinet-type dryer (API & PASILAC Limited of Carlisle, Cambria, UK). In each experiment, 100±2 g of nectarine slices was used. Drying experiments of nectarine slices were conducted at two temperatures, 50 and 70 ºC, at a constant air velocity (2.0 m/s). Moisture loss in the nectarine slices was measured with a balance and recorded at 30 min intervals. Drying was considered complete when the moisture content of the samples was approximately 0.085 g water/g dry matter (dry basis) at air temperatures of 50 and 70 °C, respectively.
Drying conditions were determined after pre-experiments; 30 g of nectarine slice samples was used for drying. Eight levels of combined drying (comprising the two convective and four microwave settings described previously) were investigated (50 and 70 °C) × (90, 180, 360, and 600 W). Drying was considered complete when the moisture content of the samples was approximately 0.085±0.01 g water/g dry matter (dry basis).
Synthetic evaluation index
The synthetic evaluation index (SEI) was used in the hybrid drying method and adopted to reflect the contributions of moisture ratio and dried product quality. The quality parameters measured in the study were ranked in order of significance as follows: color, moisture content, moisture ratio, and assigned weights (λ 1 , λ 2 , λ 3 ) of 0.3, 0.2, 0.1, respectively. The SEI [25] was then calculated for each of the experimental conditions by the following Equation 4 . where MR is the moisture ratio, X d and X 0 are the water contents of the dehydrated sample and the fresh sample on dry basis. T AD and T MWD are the drying times of air drying process and microwave drying process, respectively.
Energy Consumption
The energy consumption value required for drying nectarine slices in the microwave was calculated with Equation 5 [30] .
t P E t *  (5) where E t is the energy consumption (kWh), P is the microwave output power (kW), t is the drying time (h).
In hot air drying, the drying process energy consumption was measured for the drying and blowing air by electric heater and fan. The energy consumption value was calculated with Equation 6 [31] :
where ρ a is the air density (kg/m 3 ), A is the tray area (m 2 ), υ is the air velocity (m/sec), c p is the specific heat (kJ/kg °C), ΔT is a temperature difference between the air inlet and outlet of the dryer (°C), and D t is the total drying time of each sample (h).
